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PREFACE

The following is the final report of a survey and data
compilation prepared for Honeywell Systems and Research
Center in compliance with P.O. 833-808-HA, Task number
FO0648 AA 0001, for period August 1978 through January 1979,

This work was provided to TRW, Inc., under contract number
F33615-78-C-5081, for design application on the SMATH IV

development program. Appendix B and C list copyrighted
materials used for this survey.
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SECTION 1

INTRODUCTION
Dynamic thermal control of a component or critical surface ,
temperature by heat storage techniques can offer unique

advantages for some applications. The passive and reliable
nature of this approach can be attractive for space appli-
cations, Heat storage devices employing phase change mate-
rials (PCM) typically offer the highest thermal storage
density based on volume or mass. Over 500 potential low
melting point (100°C) PCM's have been listed in the litera-
ture and even greater numbers of high melting point (300-
600°C) PCM's are also candidates. Most of these materials
fail to satisfy all the following desirable characteristics
for a PCM storage application:

High Heat of Fusion

This property defines the available storage energy for
the phase change and it may be important on a weight
or volume basis,

. Reversible Solid-To-Liquid Transition

The composition of the solid and liquid phase should be
the same, Complete reversibility with no transition
hysteresis is desirable.

High Thermal Conductivity

This property is usually the key parameter that deter-

mines whether a PCM can be successfully applied or not.
For space applications, the thermal comductivity is the
main driver for transporting the storage energy to and

from the solid/liquid interface in the PCM.

High Specific Heat and Density ;

The storage capacity in either the liquid or solid phase
can be significant to a given application.

Long Term Reliability During Repeated Freeze/Thaw Cycling

Dependable Freezing Behavior 3

Low Volume Change During Phase Transition

This property can greatly complicate the PCM element
design. Severe expansions during phase change can cause
localized stresses or can require complicated expansion/
contraction provisions.

i

Low Vapor Pressure




Honeywell has completed a survey of available phase change heat
storage materials and has compiled a list of the more attrac-
tive prime candidates for space applications. This data compi-
lation 1s provided to TRW, Inc. for use on the SMATH IV Develop-
ment Program.

The following Section (II) discusses the heat storage material
categories and recommends a list of 31 prime PCM candidate
materials. A series of Appendices are also included which
contain the following background data.

Appendix A - List of over 200 PCM data.

Appendix B - A PCM data reference list. Scientists at Oak Ridge
National Laboratory (ORNL) were consulted to review
the list of PCM candidates. Thelr comments concern-
ing the materials list and their recommendations
for additional document reviews are presented in
Appendix B.

Appendix C - An extensive heat storage document bibliography.

Appendix D - A compilation of additional descriptive infor-
mation on some of the prime PCM candidates,.

Appendix E ~ Brief description of the information sources
researched in developing the PCM Report.
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SECTION 11

PHASE CHANGE HEAT STORAGE MATERIALS

Honeywell has conducted a survey of available phase change heat
storage materials commonly referred to as PCM's (Phase Change
Materials). This data has been obtained from the documents and
technical repositories described in Appendices B, C, and E.

The PCM candidates are categorized into ten groups, each category
being listed in order of melting points, from low to high.

The accuracy of the data is dependent on the number of significant
digits found in the literature. The only exception is in the
melting point, where the temperatures were rounded to the nearest
integer. Explanatory information (S, L, M, MP) is included when
specifically noted in the literature.

When data was not readily available, spaces were left to allow
entry of data found at later dates.

Because of the large number of possible phase change materials,
the search was limited to materials within the following parameters:

. Transition Temp I 100 to 800°F (40 to 430°C) !
— } s - }
. Heat of Fusion 100,000 to 300,000 J/x3 ! i34 to 72 cal/gm) (S0 to 150 BTU/1b)
. Density 800 to 6500 kg/m (.8 to 6.5 ga/cm’) (50 to 400 1b/ft?)
. Spacific Heat $00 to 2000 J/ko°l (.1 to .S gm/cal/gm-°C) (.1 to .5 BTU/1DOF)
PARAFFINS

Paraffins normally are of the type CpHyn47 and have similar
properties of the saturated hydrocarbon family. The materials
have an intermediate value for latent heat, low thermal con-
ductivity, and are safe. The low thermal conductivity pro-
perty does limit the paraffins' effectiveness.

Properties of Paraffins:

) High heat of fusion per unit weight.

) Wide melting point range (23 to 151°F) which was
limited to 100 and above for this search.
Flammable.

Nontoxic.

Noncorrosive.

Chemically inert and stable below 932°F.
Negligible supercooling behavior.

Low volume change on melting.

Low vapor pressure in the melt.

Density ranges from 43.7 to 48.1 1lb/ft .

Low thermal conductivity (corrected with fillers).
High wetting ability.

Predictable and dependable.

1
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NON-PARAFFIN ORGANICS

This category varies widely in the organic materials and their
properties. The following factors should be considered in
this general category.

® Most are flammable.
® Moderate to high toxicity.
e Many have a low flash point.
e Impurities may greatly affect melting points.
e Many of the long-chain acids show two or more crystalline
forms.
® Fillers will improve thermal conductivity.
e Many will decompose when exposed to high temperatures.
® Solid-solid transitions are common.
e Many have high heats of fusion.
METALLICS

This category includes the low melting metals and metal
eutectics. Because they are generally so heavy, they are
usually not considered as serious prime candidates. On the
other hand, they do have high heats of fusion, and high
thermal conductivities.

Features of Metallics:

1) Low heat of fusion per unit weight.

2) High heat of fusion per unit volume.

3) High thermal conductivity (fillers not required).
4) Low specific heat.

5) Relatively low vapor pressure.

6) Low expansion of volume on melting.

7) High thermal stability.

8) Minimal hazardous behavior.




INORGANIC SALTS

Inorganic salts are ionic, when dissolved in water they become
electrolytes, can be corrosive, and have higher heats of fusion
than most of the salts.

The aluminum chloride doubles in volume when melted, but does

have some properties that are desirable for thermal storage
materials.

79A1Cl3 is a fused salt eutectic, that is, a eutectic compound
formed by two or more inorganic salts. Fused salt eutectics
have the following features:

1) Components can be varied with some eutectics for a
choice of values for the melting point and heat of
fusion.

2) Generally high heat of fusion.

3) The presence of moisture influences the melting point.

4) Sharp melting point.

S) Corrosive.

6) Aluminum chloride has high volumetric expansion, but
is lower in eutectics.

The fluoride salt is a binary compound salt. The addition of im-
purities lowers the melting point and the heat of fusion. The
fusions of fluoride salts generally are reported to occur sharply.

EUTECTICS

A eutectic 1s an alloy or solution having its components in such
proportions that the melting point is the lowest possible with
those components. These materials are eutectic mixtures that
have not been more specifically categorized.

UREA-BASED EUTECTICS

The urea-based eutectic offers promise as a storage medium.
Ammonia chloride forms a simple eutectic-type phase relation-
ship with urea as well as 1its function as a nucleating agent,
solving the problem of supercooling.




SALT HYDRATES

Salt hydrates may be considered alloys of anhydrous salts with
a definite number of moles of water forming typical crystalline
solids. Salt hydrates usually have incongruent melting points.
This is because the solubility is not high enough, and on
melting the lower hydrate settles to the bottom. However,
there are exceptions when the solubility of the salt is suffi-
ciently high and the solution will dissolve completely in its
water of crystallization upon melting and freeze reversibly.

Features of salt hydrates:

1) High heat of fusion per unit weight and volume.

2) Small volume change upon melting.

3) LiNOj . 3H0, Ba(OH); . BH,0, and NapHPO4 . 12 H,0 all
have congruent melting points.

4) Relatively high thermal conductivity for non-metals.

5) Supercooling, that can be minimized with the addition

of nucleating agents.
6) Corrosive.

SOLID=-SOLID

The solid state transitions give possibilities for high enthal-
pies, have low coefficients of thermal expansion, and negligible
supercooling. Plastic crystals are organic materials with

high transitional enthalpies.

Generally, these organic materials underqo scolid-solid transi-
tions at a transition temperature below the melting point,
where most of the energy is absorbed.

Features of Plastic Crystals:

1) Soft, waxy solids that can be extruded under considera-
bly less pressure than ordinary crystals.

High vapor pressures relative to other solids.

10 to 50% volume changes.

Minimal supercooling.

Fairly high transition temperatures.

Generally not very toxic.
Non-corrosive.

N SN
e ot Nt

Appendix A contains a compilation of approximately 200 PCM
candidate materials that appear to offer acceptable potential

for heat storage applications in satellite components. Table I
lists 30 prime candidate heat storage materials that Honeywell
recommends for design study as part of the SMATH IV Task ds
Thermo-Materials Analysis. It is hoped that several of these
materials can be successfully applied to enhance the survivability

of specific satellite components under high energy laser attack
environments .
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NOTES

Conversations with Dr. Stanley Cantor of ORNL resulted in some
minor changes to the prime candidate thermal storage data (Table 1).
Adipic acid was added to the prime PCM list and several changes and
data additions were incorporated in the table. Dr. Cantor'
comments on the PCM survey are summarized below:

.

1) Many more PCM candidates exist that are not included in the
tables, but none of those missed exhibit superior properties
over those tabulated.

2) Be aware that gallium and bismuth 30 through significant
density changes during phase change.

3) The urca-based eutectics experience significant ammonia over:
: pressures above 1000C and decomposition takes place above
‘ LASVE,

E 4) The solid-solid heat of fusion is somctimes not practical
: because of difficulty of conducting heat through the solid

material.

§) Many thermal properties, such as thermal conductivity, specific
heat, volumetric expansion, and material stability, have vet
to be determined for most storage materials.

The following references were obtained as recommended by Oak Ridge
National Laboratory along with resulting information:

1) Janz, George, first author, "Physical Properties Data Compilation
Relevant to knergy Storage™, Vol. I: Molten Salt Futectic Data,
NSRDS-NBS-061, Part 1. Compiled by Molten Salts Data Center
Cogswell Laboratorvy, Troy, N. Y., March 1978, :

e Verified several melting points of prime PCM candidates.

e Bactically, this 1s a source to find available referen-
ces on specific molten salt eutectics.

2) Landolt-Bornstein, "Iahlenwerte U
Uz

nd Funktionen Aus Naturwissen
shaften 2

ind Technik™, Yol. 11, Part 2b, Berlin, Springer, 1961.
@ No new or relevant information found.

3) Lane, G.A., first author, "Solar Fnergy Subsystems Fmploying
Isothermal Heat Storage Materials'™, Phase 1, September 1974 -
April 1975, NTIS-N76-29708, ERDA-117, May 1975,

e Updated Ba(OH), ,8#0. Researchers assessed this mater-
ial's suitability for heat storage as “promising". The
results of DTA tests show supercooling, and the freezing
curve experiments show 1little supercooling.

4) Purdue University, "Thermal Physical Properties of Matter", i
Thermal Physical Properties Rescarch Center, IFI/Plenum, £
. Y.; 1970, 4

e Nothing new found.
@ An excellent scurce for thermal conductivity data.
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APPENDIX A

STORAGE MATERIALS PROPERTY DATA
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APPENDIX D

DESCRIPTIVE INFORMATION ON PRIME PCM CANDIDATES

n-EICOSANE

FORMULA: CopHg2
MATERIAL COMPATIBILITY: Compatible with most structural materials.
SUPERCOOLING: None observed. i

HAZARDS: Flammability: fire hazard is present when exposed
to flame, high temperatures or strong oxidizing materials.

Toxicity: generally non-toxic.

OTHER: Non-corrosive, reliable and predictable.

ELAIDIC ACID

1 FORMULA:  CgH4CgH, (COOH
1

j MATERIAL COMPATIBILITY: Compatible with aluminum
»

SUPERCOOLING: None observed

HAZARDS: Mild toxicity; non-corrosive

OTHER: Exhibits good freezing behavior




ACETIC ACID

FORMULA: CH3COOH

MATERIAL COMPATIBILITY:
Metals - Generally does not attack aluminum, stainless
steel, silver and other precious metals, titanium, tanta-
lum, and zirconium. It reacts with magnesium, nickel and
nickel alloys, tin, copper and copper alloys, beryllium,
chromium, zinc, in varying degrees.
Nonmetals - Compatible with fluorocarbons (TFE, FEP)

graphite, glass-ceramics. Reacts with acrylics, rubbers,
epoxys, nylon and phenolics.

VOLUMETRIC EXPANSION DURING PHASE CHANGE: +15.6% on melting

SUPERCOOLING: One phase supercooling of about 15°K, 27°F, 15°C

HAZARD CHARACTERISTICS:
Flash Point: 313°K (104°F, 40°C)
Autoignition Temp: 839°K (1050°F, 566°C)

Flammability: Moderate, when exposed to heat or flame;
can react vigorously with oxidizing materials.

Toxicity: Caustic, irritating. When heated to decomposition,
it emits toxic fumes.
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TRISTEARIN

FORMULA: (C17H35C00) 3 C3H5

MATERIAL COMPATIBILITY: Compatible with aluminum.

SUPERCOOLING: None observed.

CHARACTERISTICS: On further heating after melting point,
solidifies and melts again at 345°K. No unusual freezing
behavior is noted.

OTHER: Non-corrosive and non-toxic.

OXAZOLINE WAX - TS-790

MATERIAL COMPATIBILITY: Very inert and consequently
compatible with many materials. Exhibits container
separation with quartz and pyrex.

SUPERCOOLING: None observed.

HAZARDS: Flammability: probably flammable.

OTHER: Thermal diffusivity estimated very low.

N TS BTG5 5757 rere




ACETAMIDE

FORMULA: C2H50N

MATERIAL COMPATIBILITY: Compatible with aluminum.

VOLUMETRIC EXPANSION DURING PHASE CHANGE: +8.15% on melting.

SUPERCOOLING: None observed.

HAZARDS: Toxicity: emits toxic cyanide fumes when heated
to decomposition.

OTHER: Good thermal diffusivity.

GALLIUM

MATERIAL COMPATIBILITY: Very corrosive.

VOLUMETRIC EXPANSION DURING PHASE CHANGE: =3.2%
(Volume decreases with melting).

SUPERCOOLING: Up to 30°K, depending on purity. Very pure
gallium supercools as much as 30°K, whereas impure gallium
may not, depending upon the type of impurity. The presence
of lithium and bismuth tend to substantially decrease
supercooling. Cerium, copper, and molybdenum produce a
small decrease in supercooling. Antimony, sodium, lead,
silicon, and cadmium support supercooling.

CHARACTERISTICS: Excellent physical and chemical stability.
Expands on freezing. Thermally stable.




LITHIUM NITRATE TRIHYDRATE

FORMULA:  LiNOj3- 3H,0

MATERIAL COMPATIBILITY: Compatible with aluminum, quartz,
pyrex . Possibility of corrosion on long-term contact.

VOLUMETRIC EXPANSION DURING PHASE CHANGE: +8%

SUPERCOOLING: Without a catalyst, up to 30°K of supercooling
can be expected. 2Zn(OH)NO3 has been reported as an
effective catalyst.

HAZARDS: An effective nucleating catalyst has been reported,
which prevents supercooling. Because of coordinated
water of hydration, LiNo3*3H,0 doesn't exhibit hazardous
behavior typical of anhydrous salts.

SODIUM HYDROGEN PHOSPHATE DODECAHYDRATE

FORMULA: Na2HPO4-12H20
MATERIAL COMPATIBILITY: Corrosive to aluminum

VOLUMETRIC EXPANSION DURING PHASE CHANGE: +5.1%

SUPERCOOLING: None observed

OTHER: Melts congruently. Use of inhibitors such as
sodium silicate (water glass) should overcome corrosion
problems.
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BARIUM HYDROXIDE OCTAHYDRATE

FORMULA:  Ba (OH) * 8H,0
MATERIAL COMPATIBILITY: Corrosive to aluminum

HAZARDS: No particular hazards, due caution with human
contact.

OTHER: Melts congruently with negligible supercooling.
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APPENDIX E

SOURCES RESEARCHED IN PERFORMING
THERMO-MATERIALS TASK

1. Personal files of Mr. Richard LeFrois
Thermal Storage Staff Engineer
Honeywell Energy Resources Center
Minneapolis, Minnesota

2. Personal files of Dr. H.V. Venkatasetty
Thermal Storage Researcher
Honeywell Corporate Technology Center
Minneapolis, Minnesota
3. Phase Change Materials Handbook, NASA CR-61363
4. Avionics Division Library
TAB 1971 through 1978
STAR 1971 through 1978
St. Petersburg, Florida
5. Energy Resources Center Library, Minneapolis, Minnesota

6. Corporate Technology Center Library, Minneaplis, Minnesota

5 Professional Library Computer Search Services:

7. State Technology Applications Center (STAC)
NASA-Florida
University of South Florida
Tampa, Florida

8. Energy Resources Center Library
DOE Energy Abstracts
Minneapolis, Minnesota

e

9. Avionics Division Library
Defense Documentation Center Search
(Low Temperature Storage/Satellites)
St. Petersburg, Florida
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*U.S. Government Printing Office: 1979 — 657.004/282
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